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Background: Enoyl acyl carrier protein reductase
(ENR) catalyzes the NAD(P)H-dependent reduction of
trans-A2-enoyl acyl carrier protein, an essential step in de
novo fatty acid biosynthesis. Plants contain both NADH-
dependent and separate NADPH-dependent ENR
enzymes which form part of the dissociable type II fatty
acid synthetase. Highly elevated levels of the NADH-
dependent enzyme are found during lipid deposition in
maturing seeds of oilseed rape (Brassica napus).
Results: The crystal structure of an ENR-NAD binary
complex has been determined at 1.9 A resolution and
consists of a homotetramer in which each subunit forms
a single domain comprising a seven-stranded parallel
3 sheet flanked by seven at helices. The subunit
has a topology highly reminiscent of a dinucleotide-
binding fold. The active site has been located
by difference Fourier analysis of data from crystals
equilibrated in NADH.
Conclusions: The structure of ENR shows a striking
similarity with the epimerases and short-chain alcohol
dehydrogenases, in particular, 3a,203-hydroxysteroid
dehydrogenase (HSD). The similarity with HSD extends
to the conservation of a catalytically important lysine that
stabilizes the transition state and to the use of a tyrosine as
a base - with subtle modifications arising from differing
requirements of the reduction chemistry.
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Introduction
The de novo biosynthesis of fatty acids from acetyl-coen-
zyme A (CoA) and malonyl-CoA is catalyzed by the
complex enzyme system, fatty acid synthetase (FAS) [1].
Biosynthesis proceeds by extension of an S-acyl primer
via successive addition of two-carbon units. The compo-
nents of the pathway have been well characterized. In
bacteria and plants the enzymes which catalyze the six
successive steps of the pathway are as follows: acetyl-
CoA:acyl carrier protein (ACP) transacylase; malonyl-
CoA:ACP transacylase; -ketoacyl ACP synthetases I, II
and III; 3-ketoacyl ACP reductase; 3-hydroxyl acyl ACP
dehydratase; and enoyl ACP reductase (ENR). Chain
termination is mediated by the hydrolysis of acyl ACP,
catalyzed by an acyl ACP thioesterase, and desaturation
can be introduced into the acyl ACP by either a A9 or a
A6 soluble acyl ACP desaturase.
FASs have been classified into two groups on the basis of
their organization [1]. Type I FASs, as found in verte-
brates, yeast and certain bacteria, contain all the catalytic
domains on one or two polypeptides which also bear the
attachment point for the ACP prosthetic group, panteth-
eine. In Type II FASs, as occur in plants and some
bacteria including Escherichia coli, the enzymes which
catalyze the individual steps and the ACP are found on
separate polypeptide chains. Membrane-associated FAS
systems, which are involved in elongation of fatty acids
(up to C22:1 in oilseed rape) and in wax biosynthesis,
have also been described [2].
ENR catalyzes the reversible reduction of an enoyl ACP
in the lipid biosynthesis pathway according to the scheme:
R-CH=CH-CO-ACP+NAD(P)H+H + - R-CH,-CH2-CO-ACP+NAD(P)'
In E. coli, independent NADH-specific and NADPH-
specific forms of ENR have been identified [3]. The
NADH-specific form, EnvM [4], is believed to be a
tetramer in vitro based upon gel-filtration studies [5] and
is inhibited by diazaborine, a heterocyclic boron-contain-
ing compound with antibacterial properties [6]. Plant
NADH-specific ENR was first purified from spinach
leaves by Shimakata and Stumpf [7]. The oilseed rape
(Brassica napus) ENR is also tetrameric [8] but inhibition
by diazaborines has not been reported. B. napus accumu-
lates up to 40% lipid by weight in its seeds [9], and it has
been demonstrated that both the activity and level of
ENR increases throughout the lipid deposition phase in
maturing seeds [10]. Thus, there is a strong and contin-
ued demand for the enzyme during lipid biosynthesis that
is not satisfied by simply increasing the turnover number.
The natural substrate for B. napus ENR is acyl ACP, with
the apparent Michaelis constant (KM) of the enzyme for
crotonyl ACP being less than 1 iM [8]. In addition, the
enzyme will also use acyl-CoA and acyl-cysteamine
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derivatives as substrates but with higher KM values, the
KM for crotonyl-CoA being 178 tiM. ENR binds
NADH tightly and has a KM for the dinucleotide of
7.6 RpM. The enzyme is active over a wide pH range and
is sensitive to inhibition by p-chloromercuribenzoate,
N-ethylmaleamide and phenylglyoxal [8]. The enzyme
can be protected against inhibition by phenylglyoxal by
pre-incubation with CoA.
The purified mature enzyme from B. napus has been
sequenced and comparison with the genomic DNA has
shown that the protein has a removable leader sequence
of 73 amino acids required to target the nuclear-
encoded protein to the proplastid [11]. Further work on
B. napus ENR has identified four isoenzymes with
closely related sequences [12]. The B. napus ENR has
been cloned and overexpressed in E. coli using the bacte-
riophage T7 polymerase and promoter system [13] and
crystallized in the presence of cofactor [14]. To facilitate
cloning and overexpression, the N-terminal serine of the
mature protein was altered to an alanine. This substitu-
tion altered neither the KM nor the oligomeric state of
the enzyme (data not shown).
This paper reports the structure determination to 1.9 A
resolution of B. napus enoyl ACP reductase, a description
of the overall fold and of the nucleotide-binding site and
the implications for the catalytic chemistry.
Results and discussion
Structure determination
The structure of the binary complex of ENR with NAD
was determined initially by multiple isomorphous
replacement (MIR) using a map calculated at a minimal
Bragg spacing of 2.6 A. A total of four derivatives, shar-
ing a number of identical or very closely related sites,
were used in phase determination. The initial map was
improved by solvent flattening and permitted identifica-
tion of a number of a helices and some 13 strands. An
automated trace linking the regions of highest density
was made and used to guide the positioning of peptides
of 'dummy' residues which best matched the observed
density. A new map was calculated combining the phase
information from this partial structure with that from
MIR. Through iteration of this 'dummy' residue
approach the map was steadily improved and eventually
specific residues could be identified and the sequence
aligned to the density. When the Ca positions had been
determined for approximately 80% of the residues, the
structure was submitted to least-squares refinement using
the program TNT [15] and further cycles of phase com-
bination, model building and refinement were per-
formed. During the process the resolution was gradually
extended to 1.9 A. The final model comprises 297 out of
the total of 312 residues with no interpretable density for
the first 11 and final 4 residues. In total, 123 solvent mol-
ecules have been included in the model. All side chains
were fitted except those for residues Glu100, Lysl03,
Lysl06, ArglO7, Glu121, Gln125 and Lys308.
The electron density for the NAD is interpretable only
for the adenine ring and its associated ribose sugar moi-
ety. Difference Fourier studies using data from crystals
soaked in NADH have enabled the entire cofactor to be
located unambiguously.
The crystallographic R-factor is 0.163 for all data (20 557
reflections) in the 10-1.9 A resolution range. The model
has tight stereochemistry with values for the root mean
square deviation (rmsd) from standard values of the bond
lengths and angles of 0.017 A and 2.00, respectively. The
statistics of the structure determination are presented in
Table 1 and a representative part of the electron-density
map is shown in Figure 1. A Ramachandran plot of the
model shows that all non-glycine residues lie within the
normally allowed regions and examination of X1-X 2 plots
for all residue types showed no side chains in unfavourable
conformations. The average B-value for protein atoms is
22.5 A2 (18.0 A2 for main-chain atoms). There are no
breaks in the main chain although the density is weak for
residues Glul00-Glyll10 and Ala243-Gly245, which
form loop regions (see below), and the main-chain atoms
in these regions have high temperature factors.
Overall structure
The ENR subunit comprises a single domain of dimen-
sions 55 Ax55 Ax50A and is composed of seven
3 strands (31-[37), creating a parallel [3 sheet, seven
a helices (al-a7), plus a number of loops of varying
length that modify the functional characteristics of the
enzyme. The parallel 13 sheet is flanked on one side by
a helices aol, a2 and a7 and on the other by helices
o3--a5, with a6 sitting along the 'top edge' of the
13 sheet above the C termini of strands 36 and 137
(Fig. 2). This fold is highly reminiscent of the
Rossmann fold commonly found in dinucleotide-bind-
ing enzymes [16]. The details of the extent of the sec-
ondary structure are given in Figure 3.
Gel-filtration experiments suggest that ENR is a tetramer
in vitro [8] and this is supported by the packing in the
crystal in which an obvious tetramer occurs with approx-
imate dimensions 90 Ax80 Ax80 A (Fig. 4). Each
monomer in the tetramer makes contact with all three
symmetry-related partners. The solvent-accessible surface
areas of an isolated monomer and a tetramer have been
calculated using the program AREAIMOL [17] (probe
radius of 1.4 i) and are approximately 14000 2 and
40000 A2 , respectively. Thus, on formation of the
tetramer, approximately 4000 A2 of the solvent-accessible
surface is buried per monomer. The tetramer has 222
symmetry and thus there are three different intersubunit
interfaces about three orthogonal molecular twofold axes
(designated P, Q and R). In this case, the P, Q and R axes
correspond to symmetric contacts around crystallo-
graphic twofold axes (described below).
Subunit interfaces
In the following description, the subunits have been
designated 1, 2, 3 and 4 (shown as a superscript) and
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which is supplemented by hydrogen-bonding contacts
between helix ot41 and helices or4 3, or53 and strand 133.
A smaller hydrophobic-packing interface is observed
between helices ca51 and or53 with additional hydrogen-
bonding contacts. Approximately 1500 A2 of solvent-
accessible surface is buried per monomer in this interface.
Fig. 1. Representative portion of a 12Fo-F I map calculated
using the refined model at 1.9 A.
contacts about the P axis are between subunits 1 and 2
(3 and 4), about the Q axis are between subunits 1 and 3
(2 and 4) and about the R axis are between subunits 1
and 4 (2 and 3).
P axis
Towards the exterior of the tetramer, about the P axis,
hydrophobic-packing interactions occur between helices
ot71 and a7 2. Further towards the interior of the
tetramer, strands 371 and 1372, which lie on the edge of
the parallel 1 sheets, and which necessarily run antiparal-
lel to each other, make a series of water-mediated hydro-
gen-bond contacts. Additional contacts are made by the
turn between helices oa61 and oa71 with the C terminus
of helix or5 2 and by formation of a short antiparallel
1 ribbon between the first three observed residues at the
N terminus of each monomer and their symmetry-
related partners. Approximately 1500 A2 of solvent-
accessible surface is buried per monomer in this interface.
Q axis
A four-helix bundle is formed about the Q axis by
helices or41 and a51 and their respective symmetry equiv-
alents, or43 and ar53 . Helix or41 forms an extensive
hydrophobic interface with its symmetry equivalent oa4 3,
R axis
Contacts around the R axis are dominated by a region of
hydrophobic contacts and hydrogen bonds. These are
formed between residues in helix ca5 1 and the C-termi-
nal loop following strand 1371 with residues in the loop
between strand P54 and helix or5 4, in helix ot6 4 and in
the C-terminal loop following strand 374. Approxi-
mately 1000 A2 of solvent-accessible surface is buried per
monomer in this interface.
Nucleotide-binding site
The crystals of ENR were grown in the presence of
NAD and hence the cofactor was located at an early
stage from electron density in the MIR map. Although
the density for the adenine ring and adjacent ribose sugar
was good, that for the pyrophosphate moiety was poor
and there was no interpretable density for the nicoti-
namide moiety and its associated ribose sugar. Difference
Fourier experiments using data to 2.6 A (Table 1) from
crystals grown in the presence of NAD but soaked in sta-
bilizing solutions containing NADH have resulted in
maps with good, interpretable density for the entire
cofactor including the nicotinamide moiety (Fig. 5a).
Thus, the NADH appears to have exchanged freely with
the NAD within the crystal and, unlike NAD, the nicoti-
namide ring in NADH is ordered on the protein surface.
Analysis of the ENR-NADH binary complex has shown
that the cofactor is bound in an extended conformation
and both ribose sugar rings are found as the C2'-endo
conformers. The nicotinamide ring is in the syn confor-
mation with its B face accessible from the proposed sub-
strate-binding site (see below).
The adenine ring binds in a pocket formed by the
side chains of Trp52, Leu88, Ala90, Val91, the aliphatic
part of the side chain of Asn139 and the main-chain
Table 1. X-ray data collection and phasing statistics.
Data set* Native1 Native2 Hg Os Aul Au2 Crot NADH
Resolution 2.6 A 1.9 A 2.6 A 2.6 A 2.6 A 2.6 A 2.6 A 2.6 A
No. of observed reflections 35741 93536 106417 105885 27828 88633 71 150 58714
No. of unique reflections 8550 20642 9298 9427 7489 9320 9450 8364
Completeness (% ) 87 83 94 95 70 94 96 88
Rmerget 0.047 0.044 0.032 0.040 0.064 0.053 0.036 0.043
Fracional isomorphous difference* 0.083 0.067 0.129 0.122
Heavy atom concentration (mM) 1.0 1.0 10.0 10.0
Soak pH (time/hrs) 8 (48) 8 (24) 8 (24) 7 (48) 7 (12)
No. of heavy atom sites 1 1 4 5
Phasing power (acentric/centric)§ 1.8/1.3 1.3/0.9 1.0/0.7 1.4/0.9
Rcullis (acentric/centric)# 0.66/0.60 0.75/0.72 0.83/0.85 0.75/0.77
*See the Materials and methods section for descriptions. tRmerge=hkl I -l-]m /Yhklm where I and m are the observed intensity and mean intensity of
related reflections, respectively. Fractional isomorphous difference= FPH - lFp a I l Fp I where FPH and Fp are the structure factor amplitudes for
derivative and native crystals, respectively. Phasing power=<FH/lack of closure>. #Rcullis=<lack of closure>/<isomorphous difference>.
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Fig. 2. Stereo representations of one
subunit of the ENR tetramer from which
the cofactor has been omitted for clarity.
(a) helices and 3 strands are shown
as coiled ribbons and flattened arrows,
respectively, and numbered as in the
text. (b) Ca backbone trace with every
twentieth residue labelled. (Produced
using the program MOLSCRIPT [50].)
Fig. 3. A multiple sequence alignment
of the enoyl reductases from B. napus(ENR), E. coli (EnvM), Anabaena sp.
(Ana) and Mycobacterium tuberculosis
(InhA). The secondary structure in ENR
is shown above the sequences. There
are seven 3 strands (Lys19-Gly25;
Glu46-Thr51; Lys84-Ala90; lel 32-
Serl36; Glyl81-Thrl87; Arg227-
Gly234; Ala287-Val291) and seven
a helices (Gly31-Ala43; Ala55-Gly66;
Thr 15-Phel 27; Serl 51 -Leul 74; Gly201-
Asn225; Gly245-Ala258; Asp267-
Val277). Residues conserved in all four
sequences are denoted by asterisks.
Gly93 and Ser241 in EnvM and Ser94 in
InhA are underlined.
peptide between Leu88 and Asp89 (Fig. 5b). Direct
hydrogen bonds are formed between the adenine nitro-
gen atoms at position N1 with the peptide nitrogen of
Ala90 and at position N6 with the side-chain carboxylate
oxygen of Asp89. Both the 2' and 3' adenine ribose
hydroxyl groups make hydrogen bonds with the same
ordered solvent molecule, which in turn interacts with
the peptide nitrogen of Trp52. The 2'-hydroxyl group of
the adenine ribose sits in a shallow depression on the
enzyme surface in a region flanked by Ala27, Trp52 and
Ala55. The lack of space and absence of positively
charged side chains provides an explanation for the strict
NADH-dependence of the enzyme [8].
The pyrophosphate moiety of the NADH interacts with
residues that form the loop between strand 31 and helix
al and residues from the first turn of helix al. Hydrogen-
bonding contacts are made by the pyrophosphate oxygens
with the peptide nitrogen of Tyr32 and, mediated by a
solvent molecule, with the main-chain carbonyl oxygen of
Gly25, the peptide nitrogen of Gly33 and the side-chain
hydroxyl of Ser136 and, via another solvent molecule,
(a)
(b)
e i~sL~i4 _ cF
RM SSSSKA8sLSOLPDLRGRAI ALAG.DDNGYGIVALAa ILVGTwvpALNIP TSLRRaGhIQsRVLPDGSIIWKlOPAV 91
XnvM ............ MG LS ILVTG'ASKLGIA YXAQALAT DLDIVLA ............. laSDIxVLqV1 
Ala ..... .2 a mnvTK Z J J~X~ okL~ X AmlrS XAIurWCJ X A~7~[a Jul!~.~ X DZRG0 fJ']UQ~VSB LVE ........... an iTTX1IaLNTGAMmLLVGI NS-IAN0IAOQLH AGArNAITYL IGKTzuVSZLws fllP8L7LJcN'
InhA .......... TGLLDGKRXLVSQIITDSSXAwLaRVAQQGA. QLVLTGDI IQWXITDRL ............. PAAPLLDVQ 66
rNR rDNpEDvPEDV YASSNMTVQAAECVRQDGSIDILVESLANGOPVSXPLLT... SRKYLAISSSYSwVLLSHFLPIp 1'9
RnvH ED .................. .AS IDIaLGxvwprlV IWrApSGDIQLDDYvNAViTRGAlDISST AC P 137
An. QN ................... DRXQSTFDTIRDrGRLDILIBCLrAFAktDDLTGDrST. SPAGOFATALDIST$ LVQLSGAKPIM 145
InhA NE ................. rHLASLARvTGMGVVSI IGnQTMGINPFDAPYADVSKXIHISAYSYA*aKALLPnDhP 140
ENR GGAS ILTYASEIIpGrWYUG GkALRDTRVLAIZARKVIRNM TI AGPLRAAKA .......... ID YSYNAPI 260
EnVM GSALLTLSILGAZRAIPNY NVMALL rKLANVRIMYuGp. GOVRmISAPITLAS  .......... xDFRIARBCRAVT X 216
An GGSII TLSYLGGVRAVPY NV AGLAXLQVIUURLLASO. G NVAISAGPIRTLASSAV .......... OGGLIHNVQVAPL 224
InhA GG IVMG4D. DP A RPY VABLSVU1RARAG. YGVRsLV~AAPIIRTLALBUVGALGMAGAQIQLLE=GDQRAI 228
ENR QTLTADEVGPUAALVPLaASATGATIYVLNGLNYVADSPVIDLK 312
rnvM .RTVTIZDVGNSAArLCsDL.AGIsGEVDVG J.IRILLX 262
Ana RRTVTQLrVWGTAAASDLhSGITGyVLVD~aM*3 264
I.nhA GIOOATVATVCALLSDNLPATTOGII YADGGTQLL 269
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Fig. 4. Stereo diagram of the ENR 
tetramer viewed along one of three mol- 
ecular twofold axes (the R axis; see 
text). Subunits are numbered 1 (light 
blue), 2 (yellow), 3 (dark blue) and 
4 (green) with a helices and P strands 
shown as coiled ribbons and flattened 
arrows, respectively. The NADH cofac- 
tor is shown in all-atom representation 
and coloured by atom type. (Produced 
using the program MlDAS 1511.) 
Fig. 5. The bound NADH cofactor. (a) Clear, interpretable electron density at 2.6 8\ resolution for the entire NADH cofactor. 
(b) Contacts made by the NADH cofactor with the enzyme surface and ordered solvent molecules. The protein backbone is shown as a 
white Ca trace, the side chains of key residues and the NADH are shown in all-atom representation and coloured by atom type (except 
for the carbon atoms in the NADH which have been coloured light blue), hydrogen bonds are shown as dashed lines and the solvent 
molecules are shown as red spheres. (Produced using the program MlDAS 1511.) 
with the peptide nitrogen of Ala27. There are no posi- 
tively charged side chains close to the pyrophosphate moi- 
ety; therefore, it is stabihzed on the enzyme via this series 
of hydrogen bonds and the helix dlpole of a 1  alone. 
Interactions made by the nicotinamide ribose hydroxyl 
groups involve hydrogen bonds to the side-chain amino 
group of Lys206 and to an ordered solvent molecule, 
which is in turn contacted by the side-chain imidazole 
ring N61 nitrogen of His135 and the peptide nitrogen 
of Leu186 (Fig. 5b). The nicotinamide ring sits in a 
pocket bounded by the side chains of Tyr32, Leu186, 
Tyr188, Tyr198, Ala233, Gly234, Pro235, Leu236 and 
Ile247. Specific hydrogen bonds are formed between the 
oxygen and nitrogen of the carboxyamide moiety of the 
nicotinamide ring and the Leu236 peptide nitrogen and 
cofactor pyrophosphate moiety, respectively. These 
interactions serve to stabilize the glycosidic bond in the 
s y n  conformation, burying the A face of the ring against 
the protein and exposing the B face to the active site. 
The pro-4R hydrogen on the A face of the nicotinamide 
ring is buried against the carbonyl oxygen of Gly234. In 
addition, the glycosidic bond does not adopt an ant i  
conformation because unacceptable steric interactions 
would be formed between the carboxyamide moiety of 
the ring and the main chain and side chain of Tyr188. 
Thus, for this enzyme, stereospecific hydride transfer 
would appear to be via the pro-4s hydrogen of the 
NADH, in agreement with the previous studies on 
E. coli ENR by Saito et al. [18]. 
A comparison of the structures of ENR with NAD or 
NADH bound shows that a sipficant shift (a 3.2 A dif- 
ference in the relative positions of the phenolic oxygen) 
occurs in the position of the side chain of Tyr32 between 
the two structures and small movements of the 
main chain (<1 A) are observed for residues Gly234, 
Pro235, Leu236 and Gly237 (Fig. 6). In the complex 
with NADH the tyrosine side chain can be located 
unambiguously and the edge of the phenolic ring packs 
against the A face of the nicotinarnide ring. In contrast, 
in the NAD-bound structure there is evidence in the 
electron density for one predominant side-chain confor- 
mation for Tyr32 plus other lower-occupancy conforma- 
tions including that observed in the NADH-bound 
structure. In the major conformation' in the NAD com- 
plex, the phenolic ring occupies part of the binding 
pocket for the nicotinamide moiety and hence partially 
fills it. The movement of this side chain is therefore 
essential for localization of the nicotinarnide ring on the 
enzyme, although the trigger for the conformational 
change has yet to be determined. 
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Fig. 6. Stereo superimposition of the
ENR-NAD (Cct backbone cyan) and
ENR-NADH (Csc backbone yellow)
binary complexes in the region of the
cofactor-binding site showing the major
conformation (see text) of the Tyr32 side
chain (green in ENR-NAD and red in
ENR-NADH). The NADH is shown in
all-atom representation and coloured by
atom type. (Produced using the program
MIDAS [51].)
Location of the active site and substrate-binding pocket
In order to define the binding site for the fatty acid
substrate, data were collected to 2.6 A on isomorphous
crystals of ENR that had been grown in the presence
of the substrate analogue crotonyl-CoA. A difference
Fourier map was calculated using coefficients
Fcrot-Fcalc I calc, where Fcrot is derived from the
observed crotonyl-CoA complex data and Fcalc and acalc
were calculated using the coordinates of the
ENR-NAD binary complex from which the NAD had
been removed. Examination of this map showed a single
large electron density feature located in the pocket
occupied by the adenine ring and its associated ribose
in the cofactor-bound structures. Given the structural
similarity between the CoA moiety and AMP, this elec-
tron density has been interpreted as representing the
adenine and ribose moieties of the CoA. This is further
supported by a peak adjacent to the 3'-hydroxyl group
of the ribose ring which almost certainly corresponds to
the phosphate group attached at this position in CoA.
The rest of the electron density for the remainder of the
crotonyl-CoA is of poor quality but lies in a cleft pro-
posed to form part of the substrate-binding site
between the face of the 13 sheet and flanking helices (see
below). Thus, whilst it is clear that the enzyme can use
crotonyl-CoA as a substrate, the evidence from the
difference map indicates that crotonyl-CoA is also a
competitive inhibitor of the nucleotide cofactor.
A multiple sequence alignment of ENR from B. napus,
E. coli, Anabaena sp. and Mycobacterium tuberculosis (Fig. 3)
reveals that there are 36 completely conserved residues
and a further 64 residues that are strongly conserved
(i.e. occurring in B. napus and two of the other three
sequences). When the completely conserved residues
are mapped onto the three-dimensional structure of
the B. napus enzyme, Tyrl98, Met202, Lys206, Ala233,
Gly23 and Pro235 lie immediately adjacent to the
nicotinamide ring of NADH and are therefore likely
to be critical for either substrate recognition or the
chemistry of the enzyme. Of the remaining completely
conserved residues, Gly25 lies close to the adenine
ribose and the others are dispersed throughout the
structure, occurring mainly at the interfaces between
subunits of the tetramer (Pro259, Gly286, Asp292,
Gly294 at the P-axis interface; Pro196, Arg214 at the
Q-axis interface; Arg193 at the R-axis interface) or in
positions which help to stabilize the orientation of
secondary structure elements.
One clear conclusion from this analysis is that there is no
significant patch of completely conserved hydrophobic
residues which might be anticipated to form the binding
site for the fatty acid substrate. However, an analysis of
the structure reveals a patch of exposed hydrophobic
residues immediately adjacent to the nicotinamide ring
that is consistent with a site for a lipophilic substrate
(Fig. 7). This site lies in a cleft bounded on one side by
the C-terminal residues of strands 34 and 135, the loop
following strand 35 and the residues towards the N ter-
minus of helix at5 and on the other side by the N-termi-
nal residue of helix al, strand 136, the loop following 136
and helix oa6. The patch includes the completely con-
served residue Prol96, the strongly conserved residues
Tyrl88, Ile247 and Met250, and the surface-exposed
residues Val143, Ile195, Gly197, Phe246 and Tyr253. The
extent of this patch can be further expanded if the sur-
face-exposed residues Val300, Leu302 and Phe307 from
an adjacent subunit in the tetramer are included. Prelim-
inary docking studies with a simple model of a substrate
molecule suggest that a small conformational change in
the protein, in particular the movement of the side chain
of Phe246, might be necessary for full access to the site.
Studies on E. coli enoyl reductase (EnvM) have shown
the reduction to proceed by a syn addition of hydrogen
via a 2-Re, 3-Si attack on the double bond [19], but little
is currently known about the molecular details of the
mechanism of ENR. However, a plausible mechanism
for the catalytic activity of ENR involves attack of a
hydride ion from NADH upon position C3 at the dou-
ble bond in the substrate followed by the formation of an
enolate anion intermediate (Fig. 8a). In subsequent steps,
a proton could then be added to the oxygen of the eno-
late anion to form an enol, which would then tautomer-
ize to give the reduced acyl product. Examination of the
region close to the C4 position of the NADH focuses
attention on the conservation of Tyr198 and Lys206. A
possible role for Tyrl98 might be to act as the base that
donates the proton to the enolate anion in the catalytic
mechanism and Lys206 might act to stabilize the nega-
tively charged transition state.
Further studies on EnvM have uncovered mutations in
the enzyme that result in temperature sensitivity [20] and
resistance to diazaborine antibacterial compounds [6].
The temperature-sensitive mutation in EnvM is
Ser241--Phe, and examination of the B. napus ENR
structure shows that Thr285, the equivalent residue from
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Fig. 7. Stereoview of the proposed sub-
strate-binding site. (a) The residues in
the hydrophobic patch near the nicoti-
namide ring of the NADH, proposed to
form the substrate-binding site (see text),
are shown in yellow. The protein Ca
backbone traces of the different
monomer subunits are shown in cyan,
green and dark blue. The NADH cofac-
tor is shown in all-atom representation
and coloured by atom type. (b) The
protein and NADH are shown with all
atoms having full van de Waals surfaces.
The residues of the hydrophobic patch
are in orange, the monomer subunits are
shown in cyan, green and dark blue and
NADH is coloured by atom type. The
view is the same as in (a). (Produced
using the program MIDAS [51].)
the sequence alignment (Fig. 3), maps near to strand 37
at the P-axis interface. Again using the sequence align-
ment, the mutation Gly93-Ser in EnvM, which abol-
ishes diazaborine binding, has Ala138 as its equivalent in
B. napus ENR. Ala138 maps close to the site of the
pyrophosphate moiety of NADH in the B. napus ENR
structure at the C terminus of strand [34. This implies
that the diazaborine site lies close to the nucleotide-bind-
ing site on the E. coli enzyme. Recently, the structure of
the complex of the enoyl reductase from M. tuberculosis
(InhA) with NADH was reported [21]. ENR and InhA
have similar sequences, with approximately 25% identity,
and, not surprisingly, the structures have a very similar
overall fold, with the exception of an insertion of an
additional helix in InhA located between strand 136 and
helix at6 relative to the B. napus ENR structure. The
report of the InhA structure highlighted a number of
hydrogen bonds between the NADH cofactor and the
protein and solvent. These include a network of contacts
which, when disrupted by a Ser94-4Ala mutation,
renders InhA resistant to the drug isoniazid used in the
chemotherapeutic treatment of tuberculosis. Similar
contacts are made in the B. napus ENR structure, and
these include an equivalent hydrogen-bonding network
to that implicated in isoniazid sensitivity involving the
conserved residue Ser136, which is equivalent to Ser94
in InhA (see Fig. 6).
Nucleotide-binding motif
The general similarity between the folding pattern of
ENR and the Rossmann fold has been mentioned above.
If a comparison is made of the mode of nucleotide bind-
ing in ENR with that in glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) [22], which exhibits a typical
Rossmann fold, the general location on the enzyme and
conformation of the nucleotide cofactors are very similar.
A common feature of nucleotide-binding enzymes is the
structural conservation of a helix whose role is to stabi-
lize the binding of the pyrophosphate moiety of the
cofactor [23]. Least-squares superimposition of the ENR
and GAPDH structures [Brookhaven Protein Data Bank
(PDB) entry 1GD1] using the program LSQKAB [24]
shows strands 31-134 and helices otl and or7 in ENR to
have close equivalents in GAPDH. In particular, a good
overlap is observed for helix otl in ENR with the
nucleotide-binding helix in GAPDH (Fig. 9).
In nucleotide-binding enzymes, the turn linking the first
3 strand and the pyrophosphate-stabilizing helix is rich in
glycine residues and often contains a signature motif
GxGxxG/A (where x is any residue) [25]. Such a motif is
not seen in ENR and the superimposition (Fig. 9) shows
that in ENR the loop linking strand 31 and helix aol is
extended and has an additional three residues. However,
Gly25 and Gly33 in ENR have close structural corre-
spondence to the glycines at the first and last positions of
the motif. Nucleotide-binding enzymes commonly
employ hydrogen bonds from the side chain of an acidic
residue on an adjacent 3 strand (which is, in turn, linked
to the loop between strand 31 and helix oal) to recognize
the adenine ribose hydroxyl groups. In GAPDH this
acidic residue is Asp32 [22], but again ENR is different,
and hydrogen-bonding contacts to the ribose hydroxyl
groups are formed by a solvent molecule which further
contacts a main-chain peptide nitrogen on the adjacent
strand 132. However, the solvent molecule is located at a
position that is spatially equivalent to that occupied by the
carboxylate group of the side chain of Asp32 in GAPDH.
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Fig. 8. Proposed catalytic mechanisms of substrate reduction by
ENR and HSD. (a) Reduction of the double bond in an enoyl
substrate by ENR. (b) Reduction of the keto group in a steroid
substrate by HSD [31].
Similarity of ENR to 3a,20-hydroxysteroid dehydrogenase
The program PROTEP [26] was used to compare the
three-dimensional coordinates of ENR with those of all
other proteins in the October 1994 release of the PDB
[27]. Similarities were found to numerous dehydro-
genases, but a very strong similarity was shown by the
PROTEP search between ENR and 3o,201-hydroxy-
steroid dehydrogenase (HSD) from Streptomyces hydro-
genans [28]. HSD is a 255 amino acid enzyme which cat-
alyzes the NADH-dependent reversible oxidation of the
3-hydroxyl and 20,3-hydroxyl groups of derivatives of
the steroids androstane and pregnane. This bacterial
enzyme has provided a model system for the study of the
binding of glucocorticoids and progestins to proteins and
of the mechanism of oxidoreduction of steroidal
substrates. The human 1113-HSD has been shown to
control blood pressure by conversion of cortisol to
cortisone [29] and 1713-HSD, the structure of which was
determined recently [30], has been implicated in prolif-
eration of breast cancer. Thus, both ENR and HSD are
involved in the NADH-dependent oxidoreduction of
lipophilic substrates.
The crystal structure of HSD revealed a single-domain
subunit that associated into a homotetramer with one
molecule of NADH bound per subunit [31]. The fold of
HSD consists of a seven-stranded parallel 3 sheet flanked
by six a helices. A catalytic mechanism for steroid keto-
group reduction by HSD has been proposed that
involves stereospecific hydride transfer from the NADH
cofactor to the carbon atom of the keto group followed
by donation of a proton to the oxygen of the resultant
alkoxide ion intermediate from a base provided by the
protein (Fig. 8b). The proposed base in HSD is the phe-
nolic oxygen of Tyr152, with the amino group of
Lys156 providing the positive charge to stabilize the
transition state [31].
The similarity between HSD and ENR detected by
PROTEP extends over virtually- the entire fold of the
two enzymes and includes nearly all the secondary struc-
ture elements. As shown in Figure 10, the region of com-
mon structure between HSD and ENR comprises seven
13 strands and five ao helices (for purposes of the compari-
son search, helix 4 in ENR and helix a4 in HSD were
split by the program into two smaller helices) with identi-
cal topology and sequence order. Superimposition of 172
Cat positions from the equivalenced secondary structure
elements of the two structures (strands 131-137 and helices
aol, a3-ot5 and aL7 of ENR compared with strands
31-37 and helices aol and o3-a6 of HSD) gave an rmsd
of 2.2 A. Both enzymes are homotetrameric and the sim-
ilarity extends to their modes of subunit association.
Alignment of the HSD and ENR sequences shows a 22%
identity over the 254 residues of HSD (Fig. 11).
Closer inspection of the superimposition shows that the
similarities extend to the location and conformation of
the bound NADH cofactors, in which the C4 carbons
of the nicotinamide rings are less than 1 A apart, and
most strikingly to the structural equivalence of the
putative catalytic Lys156 in HSD and Lys206 from helix
oa5 in ENR (Fig. 12). Furthermore, although the
equivalent residue to the catalytic Tyr152 in HSD is
Met202 in ENR (Fig. 11), the position occupied by the
phenolic oxygen of Tyr152 in HSD is approximately
taken up by the phenolic oxygen of Tyr198 in ENR.
The similarity in side-chain position of Tyr152 in HSD
and Tyrl98 in ENR lends further support to a role for
the latter as a base in the ENR reaction mechanism.
However, differences clearly exist in the disposition of
the phenolic oxygens with respect to the C4 position of
the nicotinamide ring (see Fig. 12). In HSD, the dis-
tance between the phenolic oxygen of Tyr152 and the
C4 position of the nicotinamide ring is approximately
4 A, which is consistent with the direct attack of the
hydride on the carbon atom of the keto group of the
steroid substrate. In contrast, in the reaction catalyzed
(a)
R
(b)
V
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Fig. 9. Stereoview of a superimposition
of the Ca backbone traces and cofactors
of ENR in orange and GAPDH in green
viewed down the nucleotide-binding
helix. The extra residues in the loop
linking strand 31 and the nucleotide-
binding helix al in ENR are shown and
the positions of residues Gly25 and
Gly33 in ENR are indicated.
Fig. 10. Stereoview of the structural
overlap between ENR and HSD
detected using PROTEP [26] (see text).
The proteins are shown superimposed
with only those helices and strands
equivalenced by PROTEP displayed as
solid cylinders and arrows, respectively.
Helices, strands and Ca backbone
traces are pink, light blue and white for
ENR, red, green and orange for HSD.
The viewing orientation is approxi-
mately the same as that in Figure 2. (Fig-
ure drawn using PETO [PJ Artymiuk,
unpublished program].)
Fig. 11. A multiple sequence alignment
of enoyl reductase (ENR) and -keto
reductase (BKR) from B. napus and
3a,2013-hydroxysteroid dehydrogenase
(HSD) from Streptomyces hydrogenans.
The secondary structures observed in
ENR and HSD [31] are shown above
and below the sequences, respectively.
The tyrosine and lysine residues pro-
posed to be catalytically important are
underlined.
by ENR, where the carbon atom attacked by the structural framework has been adapted to carry out
NADH is two bonds removed from the keto group quite different enzyme chemistry.
thought to be protonated by the base, the phenolic oxy-
gen of Tyrl98 is located approximately 6 A from the C4 HSD has been recognized as a parent member of a family
position. Thus, the shift in the relative positions of the of homologous short-chain dehydrogenases, oxido-
base and NADH may be a direct consequence of the reductases and epimerases [32,33], including rat liver
difference in the chemistry. Nevertheless, the striking dihydropteridine reductase [34], E. co UDP-galactose
similarity in the active sites shows how the same 4-epimerase [35] and B. napus P-keto acyl carrier protein
ENR SSESXASSGL. PIDLRRAPWIAGIADDHGYAVAXSLAAGELVGTIVPALNIZETSLRIDQSRVLPDGsUIXVYPIDA 90
B.R ..ATAVEQSTGRAVPK VVVVTGS . .RGIGXALSLG NGCVLVYRS KVQIEAY ........... GGADIPGV 76
BSD ............. IJe) TVIITGG. . AVARVDVLEAATZL ............... ARYQHLDV 61
NR VFNPDVPDVRANKRYAGSSNTVQEARACVRDFS ILVESLANOPRVSRPLLRTSR GYLAAISASS rY LLSzrLP mP. 179
BIR SR .................rADVMTADATIDAW TVIT. .RDTLLImUSQWDVIDD LNLT TAATKIMOK 144
HSD TI .................. EEDWQRVVAyAREFGSVDGLV0AGIS.. TGMILETESVRFRLVVEINLTGVIMGTVPMADA 129
NR .OGASISLTYIASERIIPGyGG4MSSAALDTRVLXAJ IRVNTSAPLGSlRAqIGIDMIZYSYNA 258
BER RRGUIINASVVXOLIIx4.A.NAAJAw rSXTAAR USNIVNVVCPGrl. .ASMTAZLm=1XILGTI 220
HSD GGSIVHI$SAAGLMLALTS. YGA VLSLAAVZLGTD.IRVNSVPIT. .YTPKTATGIRqGYPNT 205
EBR PIQTLTADEVGBqAAFLV SPLASAITGATIYVDNGLNSGVALDSPVFDLN 312
BR PLGRYGQPEDVAGLVEFLALPAASYITGQATIDGGIAI 260
HSD PNGRVGEPGIAGAVVKLL. SDTSSYVTAEZLAVDGGWTTGPTVYVM 294
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Fig. 12. Stereoview of the superimposi-
tion of ENR and HSD near the nicoti-
namide ring of the NADH cofactor. The
Ca backbone traces are shown in
orange for ENR and cyan for HSD with
key tyrosine and lysine residues (see
text) shown in orange (ENR) and green
(HSD). The NADH cofactors are shown
in ball-and-stick representation in red
for ENR and yellow for HSD. (Produced
using the program MIDAS [51].)
reductase (BKR). The family has been identified as
carrying a signature motif YxxxK in which the tyrosine
and lysine residues are those highlighted in the proposed
catalytic mechanism of HSD.
BKR belongs to the same biosynthetic pathway as ENR
and catalyzes the reduction of the 3-keto group of an
acyl ACP substrate [36]. Alignment of the sequences of
BKR and ENR (Fig. 11), which show 25% identity over
the 260 residues of BKR, permits recognition of posi-
tions of sequence identity. Thus, it is highly likely that
the enzymes possess a similar overall fold allowing them
to act in the reduction of related substrates via a common
mechanism. This further implies that the two enzymes
may have diverged from a common ancestor during the
evolution of the biosynthetic pathway.
Amongst other enzymes homologous to HSD is the
NADP-linked enzyme protochlorophyllide reductase
(PCPR), which reduces the C17-C18 double bond of its
protochlorophyllide substrate in a light-dependent reac-
tion [37]. Mutagenesis studies on the tyrosine and lysine
residues of the signature motif in PCPR have shown
them to be essential for enzyme activity [38]. The car-
bon-carbon double bond in ENR is activated to reduc-
tion by NADH through conjugation to a keto group. In
contrast, in PCPR the activation of the carbon-carbon
double bond is achieved by conjugation in a proto-
chlorophyllide ring system. However, the likely structural
similarities between these enzymes revealed by the rela-
tionship between ENR and HSD and the sequence
homology of HSD and PCPR, indicates that their reduc-
tion chemistries may have very similar mechanisms.
The crystal structure of ENR has been determined
at high resolution. The fold is reminiscent of the
Rossmann fold seen in many dinucleotide-binding
proteins but with additional features that facilitate
substrate binding and catalysis within the same
domain - features that are also observed in short-
chain dehydrogenases.
The location of a bound NADH cofactor mol-
ecule, coupled with multiple sequence compar-
isons involving enoyl reductases from other
sources, allow us to propose Tyr198 and Lys206 as
key active-site residues in ENR. A structural com-
parison of ENR with the three-dimensional coor-
dinates of all proteins in the Brookhaven Protein
Data Bank reveals a high degree of similarity
between ENR and 3t,20p-hydroxysteroid dehy-
drogenase (HSD). By superimposition of the
structures of HSD and ENR, the catalytic Lys156
residue in HSD is seen to be structurally equiva-
lent to Lys206 in ENR. The side-chain phenolic
oxygen of the catalytic Tyr152 residue in HSD,
which is the proposed proton donor in the reac-
tion mechanism, has an approximate equivalent in
the side-chain phenolic oxygen of Tyr198 in ENR.
These findings prompt us to suggest a unified
mechanism to describe the distinctly different
reaction chemistries catalyzed by these two
enzymes. Thus, whilst maintaining a constant
protein architecture, the repositioning of the pro-
posed catalytic tyrosine in ENR permits the varia-
tion in the separation of the site of hydride attack
from that of proton addition with the resultant
modification in the enzyme chemistry.
Biological implications
Enoyl reductase (ENR) is part of the multicompo-
nent type II fatty acid synthetase system found in
oilseed rape. The enzyme catalyzes an NADH-
dependent and reversible reduction step in lipid
biosynthesis with an enoyl form of an acyl carrier
protein (ACP)-transported fatty acid chain as its
substrate. This structural study of ENR provides
insight into enzyme-substrate binding in lipid
biosynthesis and reveals a common catalytic
mechanism for a family of oxidoreductases.
HSD is a member of a family of homologous
enzymes including short-chain alcohol and steroid
dehyrogenases, epimerases and other oxido-
reductases. One oxidoreductase, 13-keto reductase,
which belongs to the same fatty acid synthetase
system as ENR, shares 25% sequence identity with
ENR and may have a similar fold and catalytic
mechanism. This points to the possibility that
divergent evolution has played a role in the devel-
opment of the pathway of lipid biosynthesis.
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Materials and methods
Data collection and processing
Isomorphous crystals of ENR complexed with NAD or
crotonyl-CoA were grown by the hanging-drop vapour-diffu-
sion method from buffered ammonium sulphate solutions as
described previously [14]. The enzyme crystallizes in the space
group P42212 with cell dimensions a=b=70.5 A c=117.8 A. It
has one monomer in the asymmetric unit and an assumed sol-
vent content of 41% based on a Vm of 2.25 A3 Da- ' [39].
Medium-resolution native and derivative X-ray diffraction data
were collected at room temperature on a twin San Diego
multiwire systems (SDMS) area detector using a Rigaku
RU-200 rotating anode source. The Xuong-Hamlin method
of data collection was used [40,41]. The images were processed
and merged using SDMS software [42]. The native NAD com-
plex data set (Nativel; Table 1), obtained from one crystal, was
87% complete to 2.6 A (with 56% of the data having I>3u(I)).
This medium-resolution native data set was replaced in the lat-
ter stages of refinement by a high-resolution data set (Native2;
Table 1) collected at room temperature on a MAR image plate
detector on station 9.5 at the SRS Daresbury Laboratory, War-
rington, UK. These data were processed using the MOSFLM
suite of programs [43] and the resulting data were merged and
scaled using the programs ROTAVATA and AGROVATA
[24]. The data were obtained from one crystal and were 87%
complete to 2.6 A and 83% complete to 1.9 A (77% complete
in the 2.6-1.9 A shell; 70% of the data have I>3cr(I) to 1.9 A).
The crotonyl-CoA complex data set (Crot; Table 1), collected
on the SDMS system and obtained from one crystal, was 96%
complete to 2.6 A (with 75% of the data having >3a(I)). The
data set from the NADH-soaked crystal (NADH; Table 1), col-
lected on the SDMS system and obtained from one crystal, was
88% complete to 2.6 A (with 92% of the data having I>3(I)).
The structure was solved using MIR techniques. In total, four
derivatives were eventually used, of which the mercury (Hg)
and osmium (Os) derivatives were located by difference Patter-
son methods and the two gold derivatives (Aul and Au2;
Table 1) by difference Fourier techniques using the phases cal-
culated from the first two derivatives. The combination of the
derivatives gave an overall figure of merit of 0.65 (acentric 0.61,
centric 0.80). The heavy-atom parameters and the phases calcu-
lated from them were refined using the program MLPHARE
[44]. The sites for the mercury and osmium derivatives were
very close but distinct (the osmium derivative provided essential
extra phasing power) and were located near Cys122. The
second gold derivative also had its major site in this region as
well as sharing common sites with the first gold derivative.
Map interpretation
Initial phases were calculated to 3.0 A resolution and were
improved by solvent flattening using the program SQUASH
[45]. An initial map calculated from these phases showed clear
molecular boundaries and a few regions of readily identifiable
secondary structure. A preliminary trace linking the local
regions of highest electron density was made using the program
BONES from the O suite of programs [46] and this was used as
a guide for the placement of a 'dummy' residue chain composed
of glycine, alanine, valine or leucine residues, as appropriate to
the size of any density for side chains. Phases were calculated
from this model using the program SFALL [24] and they were
combined with the MIR phases using the program SIGMAA
[24]. A new improved map was thus prepared using the com-
bined phases and the chain trace was extended. The procedure
was repeated and the limit of the resolution of the data
extended to 2.6 A. Model building was performed with the
program FRODO [47] on an Evans and Sutherland ESV work-
station. When approximately 80% of the Cx positions had been
determined the initial R-factor was 0.47 to 2.6 A resolution.
Model refinement
The model was then submitted to restrained least-squares
refinement using the program TNT [15]. The refinement
involved restraints on bond lengths and angles, planes, non-
bonded contacts and individual atomic B-values. A correction
for the solvent continuum was also applied [15]. During this
rocess the structure was rebuilt to the observed density using
2Fo-F c I maps and the sequence identified from density cor-
responding to aromatic residues and the likelihood of the mer-
cury derivative being bound to the cysteine residue. The
medium-resolution native data were replaced by the high-reso-
lution data when the R-factor was 0.24, 92% of the Cas were
positioned and 46% of the residues had been assigned. Eventu-
ally, a low-resolution cutoff was applied at 10 A and 123 sol-
vent molecules were incorporated. Further model building and
refinement gave an R-factor of 0.163 for all data (no cutoff) in
the resolution range 10-1.9 A.
Structure comparison
A comparison of the structure of ENR with those of all entries
in the October 1994 release of the Protein Data Bank was car-
ried out using the program PROTEP [26]. In this procedure,
ENR and the proteins in the PDB are represented in a simpli-
fied manner as linear helices and strands in three-dimensional
space. These secondary structure elements and their inter-rela-
tionships are represented as a mathematical graph [48], which is
then searched using a maximal common subgraph algorithm
[49]. The strongest similarity with ENR was observed for HSD
(PDB entry 2HSD) for which 13 secondary structure elements
(seven [3 strands and six ao helices, where the latter actually
includes the splitting of the kinked helix (x4 in each structure
into two parts for purposes of the comparison) were denoted as
equivalent in the two structures. Sequence alignments were
carried out by inspection in the light of knowledge of the
three-dimensional structures.
The coordinates for enoyl reductase have been submitted,
with a one year delay on release, to the Brookhaven Protein
Data Bank.
Acknowledgements: We thank Drs T Hawkes and M Legg (Zeneca
Ltd Agrochemicals, Jealott's Hill, UK) for discussion of the reac-
tion mechanism and fermentation of the recombinant cells. We
thank the support staff at the Synchrotron Radiation Source,
Daresbury Laboratory, Warrington, UK for assistance with station
alignment. This work is supported by grants from the BBSRC and
MRC to DWR, PJA and ARS. CB is funded by a Zeneca Agro-
chemicals supported CASE award. The Krebs Institute is a desig-
nated BBSRC Biomolecular Science Centre.
References
1. McCarthy, A.D. & Hardie, D.G. (1984). Fatty acid synthase - an
example of protein evolution by gene fusion. Trends Biochem. Sci.
9, 60-63.
2. Creach, A. & Lessire, R. (1994). Solubilization and partial purifica-
tion of the acyl-CoA elongase from developing rape seed (Brassica
napus L). Grasas y Aceites 44, 120-122.
3. Weeks, G. & Wakil, S.J. (1968). Preparation and general properties
of the enoyl acyl carrier protein reductases from Escherichia coli.
J. Biol. Chem. 243, 1180-1181.
938 Structure 1995, Vol 3 No 9
4. Bergler, H., et al., & Turnowsky, F. (1994). Protein EnvM is the
NADH-dependent enoyl-ACP reductase (Fabl) of Escherichia coli.
J. Biol. Chem. 269, 5493-5496.
5. Wagner, U.G., Bergler, H., Fuchsbichler, S., Turnowsky, F., H6ge-
nauer, G. & Kratky, C. (1994). Crystallization and preliminary X-ray
diffraction studies of the enoyl-ACP reductase from Escherichia coli.
J. Mol. Biol. 243, 126-127.
6. Turnowsky, F., Fuchs, K., Jeschek, C. & Hogenauer, G. (1989). envM
genes of Salmonella typhimurium and Escherichia coli. . Bacteriol.
171, 6555-6565.
7. Shimakata, T. & Stumpf, P.K. (1982). Purification and characteristics of
B-keto-[acyl-carrier-protein] reductase, -hydroxyacyl-[acyl-carrier-
protein] dehydrase and enoyl-[acyl-carrier-protein] reductase from
Spinacia oleracea leaves. Arch. Biophys. Biochem. 218, 77-91.
8. Slabas, A.R., Sidebottom, C.M., Hellyer, A., Kessell, R.M.J. & Tombs,
M.P. (1986). Induction, purification and characterization of NADH-
specific enoyl acyl carrier protein reductase from developing seeds of
oil seed rape (Brassica napus). Biochim. Biophys. Acta 877, 271-280.
9. Slabas, A.R., et al., & Safford, R. (1987). Molecular structure of plant
fatty acid synthesis enzymes. In Plant Molecular Biology. (von
Wettstein, D. & Chua, N.H., eds), vol. 140, pp. 265-277, NATO
Series A, Plenum Press, NY.
10. Slabas, A.R., Cottingham, I.R., Austin, A., Hellyer, A., Safford, R. &
Smith, C.G. (1990). Immunological detection of NADH-specific
enoyl-ACP reductase from rape seed (Brassica napus): induction
relationship of and 83 polypeptides, mRNA translation and interac-
tion with ACP. Biochim. Biophys. Acta 1039, 181-188.
11. Slabas, A.R., Cottingham, I.R., Austin, A., Fawcett, T. & Sidebottom,
C.M. (1992). Amino acid sequence analysis of rape seed (Brassica
napus) NADH-enoyl ACP reductase. Plant Mol. Biol. 19,169-191.
12. Fawcett, T., et al., & Slabas, A.R. (1994). Expression of mRNA and
steady-state levels of protein isoforms of enoyl-ACP reductase from
Brassica napus. Plant Mol. Biol. 26, 155-163.
13. Kater, M.M., Koningstein, G.M., Nijkamp, H.J.J. & Stuitje, A.R. (1991).
cDNA cloning and expression of Brassica napus enoyl-acyl carrier
protein reductase in Escherichia coli. Plant Mo/l. Biol. 17, 895-909.
14. Rafferty, J.B., Simon, W.J., Stuitje, A.R., Slabas, A.R., Fawcett, T. &
Rice, D.W. (1994). Crystallization of the NADH-specific enoyl acyl
carrier protein reductase from Brassica napus. J. Mol. Biol. 237,
240-242.
15. Tronrud, D.E., Ten Eyck, L.F. & Matthews, B.W. (1987). An efficient
general-purpose least-squares refinement program for macromolec-
ular structures. Acta Cryst. A 43, 489-501.
16. Birktoft, J.J. & Banaszak, L.J. (1984). Structure-function relationships
among nicotinamide-adenine dinucleotide dependent oxidoreduc-
tases. In Peptide and Protein Reviews. (Hearn, M.T.W., ed.), vol. 4,
pp. 1-46, Dekker, NY.
17. Lee, B. & Richards, F.M. (1971). The interpretation of protein struc-
tures: estimation of static accessibility. J. Mol. Biol. 55, 379-400.
18. Saito, K., Kawaguchi, A., Okuda, S., Seyama, Y. & Yamakawa, T.
(1980). Incorporation of hydrogen atoms from deuterated water and
stereospecifically deuterium-labelled nicotinamide nucleotides into
fatty acids with the Escherichia coli fatty acid synthetase system.
Biochim. Biophys. Acta 618, 202-213.
19. Saito, K., Kawaguchi, A., Seyama, Y., Yamakawa, T. & Okuda, S.
(1981). Steric course of reaction catalyzed by the enoyl acyl-carrier-
protein reductase of Escherichia coli. Eur. J. Biochem. 116, 581-586.
20. Egan, A.F. & Russell, R.R.B. (1973). Conditional mutants affecting
the cell envelope of E. coli K12. Genet. Res. 21, 139-152.
21. Dessen, A., Quemard, A., Blanchard, J.S., Jacobs, W.R. & Sacchet-
tini, J.C. (1995). Crystal structure and function of the isoniazid target
of Mycobacterium tuberculosis. Science 267, 1638-1641.
22. Skarzynski, T., Moody, P.C.E. & Wonacott, A.J. (1987). Structure of
holo-glyceraldehyde-3-phosphate dehydrogenase from Bacillus
stearothermophilus at 1.8 A resolution. J. Mo/l. Biol. 193, 171-187.
23. Hol, W.G.J., van Duijnen, P.T. & Berendsen, H.J.C. (1978). The
a-helix dipole and the properties of proteins. Nature 273, 443-446.
24. Collaborative Computing Project No.4 (1994). The CCP4 suite:
programs for protein crystallography. Acta Cryst. D 50, 760-763.
25. Wierenga, R.K., De Maeyer, M.C.H. & Hol, W.G.J. (1985). Interac-
tion of pyrophosphate moieties with cr-helices in dinucleotide bind-
ing proteins. Biochemistry 24, 1346-1357.
26. Grindley, H.M., Artymiuk, P.J., Rice, D.W. & Willett, P. (1993). Identi-
fication of tertiary structure resemblance in proteins using a maximal
common subgraph isomorphism algorithm. J. Mol. Biol. 229, 707-721.
27. Bernstein, F.C., et al., & Tasumi, M. (1977). The protein data bank:
a computer-based archival file for macromolecular structures.
J. Mol. Biol. 112, 535-542.
28. Edwards, C.A.F. & Orr, J.C. (1978). Comparison of the 3a- and 38-
hydroxysteroid dehydrogenase activities of the cortisone reductase
of Streptomyces hydrogenans. Biochemistry 17, 4370-4376.
29. Monder, C., et al., & Lakshmi, V. (1986). The syndrome of apparent
mineralocorticoid excess: its association with 11-dehydrogenase
and 5p-reductase deficiency and some consequences for corticos-
teroid metabolism. J. Clin. Endocrinol. Metab. 63, 550-557.
30. Ghosh, D., et al., & Lin, S.-X. (1995). Structure of- human estrogenic
17p-hydroxysteroid dehydrogenase at 2.20 A resolution. Structure 3,
503-513.
31. Ghosh, D., Wawrzak, Z., Weeks, C.M., Duax, W.L. & Erman, M.
(1994). The refined three-dimensional structure of 3a,203-hydroxy-
steroid dehydrogenase and possible roles of the residues conserved
in short-chain dehydrogenases. Structure 2, 629-640.
32. Persson, B., Krook, M. & Jrnvall, H. (1991). Characteristics of short-
chain dehydrogenases and related enzymes. Eur. J. Biochem. 200,
537-543.
33. Labesse, G., Vidal-Cros, A., Chomilier, J., Gaudry, M. & Mornon,
J.-P. (1994). Structural comparisons lead to the definition of a new
superfamily of NAD(P)(H)-accepting oxidoreductases: the single-
domain reductases/epimerases/dehydrogenases (the 'RED' family).
Biochem. J. 304, 95-99.
34. Varughese, K.I., Skinner, M.M., Whiteley, J.M., Matthews, D.A. &
Xuong, N.H. (1992). Crystal structure of rat liver dihydropteridine
reductase. Proc. Natl. Acad. Sci. USA 89, 6080-6084.
35. Bauer, A.J., Rayment, I., Frey, P.A. & Holden, H.M. (1992). The mol-
ecular structure of UDP-galactose 4-epimerase from Escherichia coli
determined at 2.5 A resolution. Proteins 12, 372-381.
36. Sheldon, P.S., Kekwick, R.G.O., Smith, C.G., Sidebottom, C. &
Slabas, A.R. (1992). 3-oxoacyl-[ACP] reductase from oilseed rape
(Brassica napus). Biochim. Biophys. Acta 1120, 151-159.
37. Griffiths, W.T. (1978). Reconstitution of chlorophyllide formation by
isolated etioplast membranes. Biochem. J. 174, 681-692.
38. Wilks, H.M. & Timko, M.P. (1995). A light-dependent complemen-
tation system for analysis of NADPH: protochlorophyllide oxido-
reductase: identification and mutagenesis of two conserved residues
that are essential for enzyme activity. Proc. Natl. Acad. Sci. USA 92,
724-728.
39. Matthews, B.W. (1968). Solvent content of protein crystals.
J. Mol. Biol. 33, 491-497.
40. Hamlin, R. (1985). Multiwire area X-ray diffractometers. Methods
Enzymol. 114, 416-452.
41. Xuong, N.H., Nielsen, C., Hamlin, R. & Anderson, D. (1985). Strat-
egy for data collection from protein crystals using a multiwire
counter area detector diffractometer. J. Appl. Cryst. 18, 342-350.
42. Howard, A.J., Nielsen, C. & Xuong, N.H. (1985). Software for a dif-
fractometer with multiwire area detector. Methods Enzymol. 114,
452-472.
43. Leslie, A.G.W. (1992). Recent changes to the MOSFLM package for
processing film and image plate data. In Joint CCP4 and ESF-EACBM
Newsletter on Protein Crystallography, no. 26. SERC Daresbury
Laboratory, Warrington, UK.
44. Otwinowski, Z. (1991). Maximum likelihood refinement of heavy
atom parameters in isomorphous replacement and anomalous scat-
tering. In Proceedings of the CCP4 Study Weekend. (Wolf, W.,
Evans, P.R. & Leslie, A.G.W., eds), pp. 80-86, SERC Daresbury
Laboratory, Warrington, UK.
45. Cowtan, K.D. & Main, P. (1993). Improvement of macromolecular
electron density maps by the simultaneous application of real and
reciprocal space constraints. Acta Cryst. D 49, 148-157.
46. Jones, T.A., Zou, J.Y., Cowan, S.W. & Kjeldgaard, M. (1991).
Improved methods for the building of protein models in electron
density maps and the location of errors in these models. Acta Cryst.
A47, 110-119.
47. Jones, T.A. (1978). A graphics model building and refinement system
for macromolecules. J. Appl. Cryst. 11, 268-270.
48. Mitchell, E.M., Artymiuk, P.J., Rice, D.W. & Willett, P. (1990). Use
of techniques derived from graph theory to compare secondary
structure motifs in proteins.J. Mol. Biol. 212, 151-166.
49. Bron, C. & Kerbosch, J. (1973). Algorithm 457 - finding all cliques
of an undirected graph. Commun. ACM 16, 575-577.
50. Kraulis, P.J. (1991). MOLSCRIPT: a program to produce both detailed
and-schematic plots of protein structures. J. Appl. Cryst. 24, 946-950.
51. Ferrin, T.E., Huang, C.C., Jarvis, L.E. & Langridge, R. (1988). The
MIDAS display system. J. Mol. Graphics 6, 13-27.
Received: 30 Jun 1995; revisions requested: 19 Jul 1995;
revisions received: 28 Jul 1995. Accepted: 31 Jul 1995.
